The ELM filamentary structure in the JET Scrape-Off Layer (SOL) has been investigated using a multi-pin reciprocating Langmuir probe system. SOL parameters measured by the probe clearly show that both Type I and III ELMs are composed of a number of filaments. The filament propagation in the SOL is investigated and the radial velocity estimated using different methods. The large radial velocities observed during Type I ELMs (up to 6km/s) imply that filaments reach the wall with a significant fraction of the pedestal density and temperature. During ELMs a strong parallel flow (M ~ 0.4) is measured at the top of the machine towards the inner divertor that increases during filaments. These observations are in agreement with the ballooning nature of the ELM losses.
INTRODUCTION
Edge Localized Modes (ELMs) lead to high transient heat and particle loads on Plasma-Facing Components (PFCs) [1] . In between ELMs most of the energy transported across the separatrix into the Scrape-Off Layer (SOL) is deposited on the divertor targets. However, during ELMs part of the energy is deposited outside the divertor region [1] [2] [3] [4] . This enhancement of the plasma-wall interaction during ELMs may influence the lifetime of main chamber PFCs in ITER and the level of core plasma impurity contamination. The JET Reciprocating probe data show that the far SOL particle flux strongly increases during ELMs, implying that the ELM convective SOL-width is much broader than that measured in between ELMs [5] [6] .
The ELM MHD instability develops flute-like ripples (e.g. n ~ 5-20, [7] ) in the pedestal quantities, which later grow in magnitude and evolve into distinct plasma filaments. In the SOL, ELMs manifest themselves as filamentary, approximately field aligned structures, rotating toroidally/poloidally and moving radially. Such filaments have been observed in most tokamaks propagating outwards with radial velocities in the range of 0.5-5 km/s . In addition to being a fast phenomenon, ELMs have a complex spatial-temporal structure, and are thus difficult to study experimentally.
High temporal resolution, in the microsecond range, is necessary to resolve the ELM. Diagnostic limitations coupled with the ELM complexity mean that several diagnostics are necessary if a comprehensive characterisation is to be achieved. Properties such as mode number and the global influence on PCFs require wide view diagnostics such as fast visible and IR cameras. However, the detailed ELM behaviour in time and space is much better diagnosed using Langmuir probes, which allow a localized measurement (pin size scale, ~ 10mm 2 ) with high temporal resolution. Furthermore, multipin probe systems provide unique capabilities in allowing the determination of a large variety of edge parameters not possible with other diagnostics.
The main objective of this work is the study the ELM fine structure contributing to a better understanding of the ELM phenomena and the transport associated with it. The ELM time behaviour and the radial propagation in the far-SOL are studied in detail.
Data obtained with a multi-probe system has been used previously on JET to study the radial propagation of ELMs in the SOL region [5] [6] [7] [8] [9] . It has been shown that the ELM event propagates with an effective radial velocity in the range of 1 km/s, suggesting that the ELM arrival time to the main chamber PFCs can be comparable to the characteristic time of transport to the divertor. Analysis of the JET outboard limiter Langmuir probe data also reveals significant ELM interaction and similar radial propagation velocities can be derived from these measurements [11, 12] . Langmuir probe systems have also been used on ASDEX Upgrade [13] [14] [15] , DIII-D [16] [17] [18] , Alcator C-Mod [19] , MAST [20] [21] , JT-60U [22] and TCV [23] to investigate transport in the near and far SOL during ELMs. The ELM perturbation is universally found to have significant structure and large radial velocities are inferred. Despite the large particle flux measured in the far SOL plasma during ELMs, the energy carried by electrons to the main chamber PFCs was found to be negligible on JET [6] . Similar results have been obtained on DIII-D where a strong convection of particles but not of heat was found during ELMs [16] . These observations are well reproduced by a simplified model of the ELM filament energy evolution due to parallel losses [10] .
EXPERIMENTAL RESULTS
The principal diagnostic used in this work is a Langmuir probe system mounted on a fast reciprocating drive system that inserts the probe into the plasma vertically at the top low field side of the plasma poloidal cross-section [6] . The two probe heads recently used on JET are schematically illustrated in figure 1. The probe head, PH1 (figure 1a), consists of 9 cylindrical pins with a diameter of 1.5mm and an exposed length of 3mm. The 9 pins are arranged in 3 groups of 3, with two groups at the same radial position and the third 5 mm radially further out. Within each group one pin measures the ion saturation current, I sat , and other two pins (poloidally separated by 5mm) measure the floating potential, V f . This probe configuration allows the simultaneous measurement of I sat and V f at different radial and poloidal positions with a high temporal resolution (500kHz), which makes possible the determination of quantities such as the radial and poloidal electric field, E r,θ , the I sat radial gradient and the turbulent particle flux (estimated using Γ E×B = 〈nE θ 〉 / B, where n and E θ are the density and the poloidal electric field fluctuations, respectively). Density and plasma potential fluctuations are evaluated from I sat and V f , respectively, neglecting electron temperature fluctuations.
The second probe head used on JET, PH2 (figure 1b) was designed to measure parallel flows, its main feature being a 6mm high boron nitride divider in the middle of the head aligned perpendicularly to the magnetic field. The probe consists of 5 pins at the inner-most radial position, dedicated mainly to the measurement of the turbulent particle flux and 4 pins radially further out used to measure the parallel flow. As for PH1, there are a total of 9 cylindrical pins with a diameter of 1.5mm and a poloidal distance between pins of 2.25mm. This probe allows the simultaneous measurement of Isat, V f , parallel Mach flow, M || , and the turbulence driven particle flux. Parallel flow Mach numbers are calculated from the ion saturation current using Hutchinson's formula [24] :
where I sat , I sat are the ion saturation currents flowing parallel to field lines in the directions facing~~õ ut in out in the outer divertor and inner divertor, respectively. A positive value of M// thus denotes a parallel ion flow in the direction from outer to inner target.
Due to the high energy fluxes associated with many ELMs, which tend to drive the pin currents into electron emission thus rendering them useless during the ELM, the study of ELM filaments with the JET ReCiprocating Probe (RCP) is restricted to the main SOL for Type III ELMs and to the far-SOL for Type I ELMs. Unless otherwise indicated, radial distances are expressed in terms of distance from the separatrix (at r = r sep ) mapped to the Outer MidPlane (OMP).
CHARACTERIZATION OF THE ELM FILAMENTARY STRUCTURE
In this contribution we build on previous studies of the ELM fine structure and the radial transport associated with them using the JET reciprocating probe system [4] [5] [6] [7] [8] [9] . For consistence, the most relevant results obtained with the JET RCP from these previous studies are first briefly reviewed in this section.
High temporal resolution measurements reveal that the ELM has a complex internal structure, composed of a number of filaments . 
The sub-structures seen by the probe in every ELM event are also detected by other diagnostics, such as the JET fast visible camera [25] . As shown by the shadowed area in figure 2 , indicating the time when the magnetic activity is significant, ELM filaments are observed over a period ten times longer than the MHD phase of the ELM, e.g. 200µs vs 2ms. These well defined structures have transit times across the probes in the range 40-100µs (as seen by the probe Jsat) and are characterized by large density perturbations, typically 2-5 times the average value during ELMs. Typically, 8-10 large filaments (defined here arbitrarily as Jsat perturbations larger than 1.5 times the background ELM value) are observed per ELM, separated in time by 50-400µs. As illustrated in figure 2 , for small Type I ELMs filaments are observed to propagate radially with velocities up to 2km/s, with the velocity being larger at the beginning of the ELM perturbation as seen on the probe. The observed maximum radial velocity corresponds to roughly 0.3% of the plasma sound speed at the pedestal temperature, T e ped ≈ T i ped ~ 1keV. It has been observed that the effective radial transport is higher for the large amplitude ELMs so that the fraction of the ELM energy reaching the main chamber wall increases with the ELM size [5, 6] . Because only a modest Te rise is observed to be associated with small Type I ELMs in the far SOL, they are not responsible for significant electron heat convection [6] .˜˜˜
The radial particle transport in the SOL during ELMs is not continuous but occurs in short bursts, usually observed at the beginning of each event [4, 9] . A sub-structure inside each individual filament is found, showing that the filament is in fact a complex spatial structure. The observed behaviour is consistent with a model of radial blob transport in the SOL [26] , which predicts that a filament with initially symmetric cross-sectional shape develops into a mushroom-like cap, characterized by a sharp front and a trailing wake, and later to the breakup of the individual filaments. Filament breakup is expected to occur only after some time of radial propagation, as the vortex structure starts to develop. Far-SOL measurements of the filaments crossing the probe are therefore expected to have a complex time behaviour.
Conditional averaging of the filament plasma parameters has been performed for small Type I ELMs [9] . Fluctuations exceeding the mean Jsat by twice the standard deviation were selected and averaged. A filament average radial velocity of ~ 400m/s was obtained for [r-r sep ] OMP ≈ 4cm together with a radial extension of ∆r ≈ 2cm, confirming that filaments are radially localized.
RADIAL TRANSPORT DURING ELMS

ELM TIME EVOLUTION
Fast measurements of the SOL parameters are crucial to understanding the ELM dynamics and for the evaluation of the fluxes to PFCs. The Jsat time evolution for two Type-I ELMs (Pulse No: As shown in figure 3 , for medium size Type I ELMs the delay between the beginning of the magnetic activity and the ELM arrival at the RCP can be as short as ~ 20µs, even when the probe is located far away from the separatrix, [r-r sep ] OMP ≈ 9cm, implying a radial velocity of the first ELM filament in the order of 6km/s. The radial velocity for the remaining ELM filaments is successively smaller being in the order of ~100m/s for filaments arriving at the probe 1 ms after the ELM start. Since the plasma-wall gap for this discharge was 8.5cm, the ELM shown by the solid black line was actually measured in the limiter shadow. It is important to stress that at that location only large filaments are observed (the first filaments of large ELMs) which are associated with large radial velocities. The remaining filaments are quickly dissipated due to the short connection length in the limiter shadow (typically reduced from 30m in the SOL for q 95 ~ 3 to ~ 1m).
These probe data results are corroborated by the JET fast camera diagnostic which observes significant plasma interaction with the PFCs for large ELMs within one full frame, ~33µs, of the ELM onset. Figure 4 shows the time evolution of a Type I ELM (Pulse No: 70747, I p = 1.6T,
5%) recorded by the fast camera system at a 30kHz framing rate and with 33µs integration time. Within the diagnostic temporal resolution the plasma-wall interaction associated with ELMs is observed simultaneously across the plasma column.
A strong interaction is seen in most of the PFCs that have intersections with field lines, although the interaction is significantly lower at the inner wall. Also shown is the time evolution of the integrated radiation from different areas of the image corresponding to the divertor, midplan and top regions as well as the total image intensity. As illustrated the divertor radiation decays slower than that at the plasma top or midplane regions.
ELM RADIAL VELOCITY
The ELM radial velocity can be determined from the RCP data using different methods: (i) E◊B transport (described in section 3); (ii) the time delay between the start of the magnetic activity and the ELM arrival time at the probe location (see previous section); and (iii) comparing the J sat signals from two radially separated pins. Results employing the latter two methods are described in this section.
The delay between the start of the MHD activity and the ELM arrival at the RCP has been determined from a series of identical, medium size Type I ELMs (I p = 1.6T, B T = 1.6T, ∆W ELM ≈ 200kJ, f ELM ≈ 20 Hz, ∆W ELM /W ≈ 7.5%) with the results presented in figure 5 as a function of the RCP radial location. Note that although the time resolution of the magnetic signal is 1µs, there is an uncertainty of up to 10 µs in the identification of the beginning of ELM magnetic activity. The most striking characteristics of the data are its large scatter and the short delay observed for some ELMs, e.g. ELM filaments are detected at [r-r sep ] OMP ~ 8.5cm as soon as 20µs after the start of the strong magnetic activity, indicating radial velocities up to 6km/s. The large data scatter may be due a large variation in the radial velocities from ELM to ELM or due to variation in the temporal origin of the ELM filaments. Also shown in the figure is the filament trajectory for different velocities assuming that they are born at the pedestal top (3cm inside the separatrix). As indicated by the solid line, the data is compatible with a maximum radial velocity of 6km/s and a minimum velocity consistent with 1.5 km/s (dotted line). However, the large variation in the filaments radial velocities does not fully account for the large data scatter, since no delays larger than 60µs are observed for [r-r sep ] OMP 8cm as would be expected for low velocities.
Another possible explanation would be that filaments are not all released at the beginning of magnetic activity but soon afterwards, e.g. over a period of 40-50µs. This hypothesis is viable since the typical times for both the magnetic instability growth and the pedestal collapse time are significantly larger, i.e. 200-300µs, than this presumed delay in the release of the first filament, i.e. figure 5 , the data is well characterized by a radial velocity of 6km/s with a variation of up to 40µs in the filament birth time. Assuming that filaments are released over this time period, a large data scatter is expected as the filament travel time is comparable to the release period.
40-50µs. As illustrated in
Turning to the second method by which the filament radial velocity may be determined, figure 6 shows the cross-correlation between Jsat signals radially separated by 5 mm for a Type I ELM 
time larger than 0.1ms are therefore expected to give a modest radial velocity. The 0.1ms time scale corresponds typically to the filament duration.
COMPARISON BETWEEN TYPE I AND TYPE III ELMS
TIME EVOLUTION
Type III ELMs are observed to deposit far less energy on the wall than Type I. This is a result of the smaller plasma energy fraction lost in Type III ELMs but also because the effective radial transport increases with the ELM amplitude (on JET the radial velocity is observed to increase with the ELM amplitude [6] figure 8 , the main difference between the two ELM types appears to occur in the first ~300 µs of the ELM, where the parameters measured by the probe are significantly higher for Type I ELMs. After this time, the amplitude of the filaments is similar for both ELM types. Radial velocities up to 6 km/s are observed at the beginning of Type I ELMs implying that the ELM arrival time at the wall can be significantly shorter than the characteristic transport time to the divertor, 200-300 µs.
For large events, the radial velocity is such that the filaments have no time to drain significant energy along the field lines, leading to possible localized high heat loads on the PFCs. Unfortunately, this could not be confirmed with probe data since the T e measurements were only performed for small Type I ELMs, for which the filaments are observed to carry little energy into the far SOL where most of the probe measurements are obtained. However, data from the JET wide angle infrared camera diagnostic shows localized heat loads on the PFCs with patterns consistent with the ELM filamentary structure [2, 4] .
A model for the filament radial propagation has been proposed [10] , where the temporal variation of the filament density and temperature are estimated as a function of the parallel transit time (convective time from the outer midplane to the outer divertor target, τ || ). For velocities in the range of 5km/s the ELM arrival time at the midplane PFCs is typically 0.1-0.2 × τ || . Table I Assuming that all the filaments are released at the beginning of the ELM magnetic MHD activity (t 0 ), the radial velocity for a filament measured at t-t 0 is given by v r = (r ped -r probe )/(t-t 0 ). As shown in figure 8 (dashed line), the expected radial velocity quickly decays with time and is in reasonable agreement with that derived from E◊B particle transport.
PARTICLE FLUX TO THE PFCS
The peak J sat of the first ELM filament is significantly larger than the background (inter-ELM) value. The ratio J peak /J inter-ELM is typically 5-20 at [r-r sep ] OMP ≈ 4cm for small Type I ELMs (see Since the measurements presented in figure 8 were performed near the radial position of the main chamber limiters, the ion flux measured by the probe gives a rough estimate of the parallel ion flux to the PFCs. As illustrated in figure 8 
CONDITIONAL AVERAGING OF TYPE I AND TYPE III ELMS
Conditional averaging of the filaments plasma parameters has been performed for medium size 
PARALLEL FLOWS IN SMALL TYPE I ELMS
The measurement of the boundary plasma flow pattern is important to understand the particle and impurity transport. However, fast measurements of the flows during ELMs are very limited. Parallel flows have been measured on JET during ELMs with the reciprocating probe. 
DISCUSSION AND SUMMARY
It is now generally accepted that ELMs in the SOL manifest themselves as a series of interspaced filaments, approximately field aligned, rotating toroidally and/or poloidally as they move radially outwards [10] . Furthermore, filaments are predicted to have a fast, sharp, leading edge (front), followed by a slower, trailing wake (tail) [26] . They therefore have a complex, three-dimensional structure and the influence of projection effects on radial/poloidal movement must be accounted
for. Probes at a fixed toroidal and poloidal position in the SOL should therefore measure a series of filaments with decreasing amplitude, in agreement with experimental observations (see figure 2 and 8). Since total parallel losses for each successive filament are higher, the measured density and temperature are consequently lower. It is important to note that since filaments are radially/poloidally localized, a series of filaments is only observed by the probes if they rotate poloidally and/or toroidally. Moreover, the rotation velocity must be larger than the radial one so that filaments have time to rotate passing the probe before reaching the wall. The number of filaments seen by the probe is also expected to decrease as the radial velocity of the filaments increases.
The described picture of filament dynamics also presents an alternative explanation for the scatter in the ELM propagation time presented in figure 5 based on the fact that the RCP does not always see the front of the first filament. The minimum delay seen by the probe would correspond to the case when the probe is hit by the filament front. In the opposite case, the maximum delay would correspond to the time until the closest filament rotates passing the probe (time between filaments), which is in reasonable agreement with the experimental observations. In practice, the observed scatter in figure 5 is most probably due to a combination of at least the three effects present: (i) radial velocity being different from filament to filament; (ii) filaments not being released exactly at These observations are in agreement with the ballooning nature of the ELM losses. 
